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ABSTRACT

A study was conducted to evaluate the effect on ignition pressure spik-
ing of the incorporation of catalytic surfaces into the injector of a
nominally 9l-pound-thrust Apollo Command Module RCS engine. Test firings
at a simulated altitude of 150,000 feet over a range of propellant and
chamber temperatures (0 to 160 F) and a range of relative valve timings
(+20 to -20 milliseconds) with both blank (unmodified) and catalytically
modified splash plate injectors were made for N204/MMH, N204/50—50, and
N204/N2H4 propellant combinations. It was determined that the catalytic
concepts employed did not eliminate or supress the spiking. Effects on

spiking levels of propellant combination, temperature, and valve timing

were noted and are discussed.
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SUMMARY

Under conditions of high altitude, the ignition of hypergolic nitrogen
tetroxide/hydrazine—type fuel propellant combinations is sometimes accom-
panied by pressure spikes of sufficient magnitude to result in thrust
chamber and/or injector destruction. Under single-pulse type of operation,
the spikes are thought to be due to a multiphase detonation of propellants

collected in the thrust chamber during the period of ignition delay.

The present study was undertaken to evaluate the effect on ignition charac-
teristics of catalytic modifications to the injector of a nominally 91-
pound-thrust Apollo Command Module RCS engine. It was thought that if
catalytic sites for the exothermic decomposition of the hydrazine-based
fuels could be provided, the ignition delay, and thus raw propellant accum-
ulation, could be reduced. The net result could be a reduction or possible
elimination of ignition pressure spiking. Preliminary testing had shown

that the technique appeared feasible and thus warranted further consideration.

A series of test firings with both blank (unmodified) and catalytically
modified splash plate injectors was made. The propellant combinations
employed were N204/MMH, N204/50 weight percent UDMH-50 weight percent N2H4,
and N204/N2H4. The catalyst employed in the firings was Shell 405, a hy-
drazine decomposition catalyst. The tests were carried out at a simulated
altitude of approximately 150,000 feet over a range of propellant and cham-
ber temperatures (0 to 160 F) and a range of relative valve timings (+20

to -20 milliseconds).

The primary data for characterization of the ignition process were obtained
from high-response pressure transducers. In addition, some high-speed

photographic data were taken.
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It was found that the catalytic concepts employed did not eliminate or
suppress the ignition pressure spiking. For the N204/MMH and N204/50-50
propellant combinations, a catalytic concept in which the Shell 405 pel-
lets were bonded to the injector splash plate at the 16 propellant impinge-
ment points with a high-temperature adhesive was found to be durable. How-
ever, with the N204/N2H4 combination, only one or two of the original
catalyst pellets remained after a firing. Thus with the N204/N2H4 pro-
pellants, the possibility remains that spiking could be eliminated if a

.

bonding concept capable of containing the pellets during a run were employed.

It was found that at the primary temperature of interest, 40 F, the spiking
levels were greatest for the N204/N2Hh combination, less for the N204/50—50
combination, and least for the NQOI*/MMH combination.

Increases in propellant and chamber temperatures resulted in decreases

in ignition pressure spiking for all propellant combinations tested. The
largest temperature effect occurred for the N204/50—50 combination, where,
at the propellant temperature/chamber temperature conditions of 100 F/160 F,

the spiking was virtually eliminated.

A broad distribution of ignition pressure spike values was found to exist
for a given propellant combination at fixed-temperature and valve-timing

conditions.

Trends in the data with respect to the effect of valve sequencing on igni—
tion pressure spiking were noted. For the N204/MMH combination, maxima

in ignition pressure spiking were noted in the vicinity of simultaneous
valve action. For the N204/50-50 combination, spiking levels reached
large values for the long (20 milliseconds) oxidizer lead conditioms.

Not enough data were taken with the NQOQ/N2H4 combination for trends to

be observed.
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INTRODUCTION

Under conditions of high altitude, the ignition of hypergolic nitrogen
tetroxide/hydrazine—type fuel propellant combinations is sometimes accom-
panied by a large chamber pressure spike. Thses spikes can be of a mag-
nitude sufficient to result in destruction of the thrust chamber and/or

injector,.

At present, an incomplete understanding of the spiking process exists.
From what has been ohserved, however, it is believed that two distinct

types of ignition pressure spiking occur.

One type of spiking is usually attributed to condensed phase material

which is accumulated during a previous engine shutdown. During ignition

it is thought that this material is ignited explosively by the freshly
injected hypergolic propellants. The condensed phase material has actually
been observed, and work has been carried out at the Bureau of Mines (Ref. 1)
to evaluate the adjunct from both chemical and stability standpoints. This

type of spiking is associated with pulse-mode or multiple-restart operation.

The second type of spiking is associated with single-pulse or first-start
ignition as well as multiple-restart operation. This is thought to be due
to a multiphase detonation of the propellants collected in the thrust

chamber during the period of ignition delay.

A number of programs have been directed toward elimination of this last
mode of spiking. These have ranged from rather empirical approaches in
which propellant additives were employed to more sophisticated approaches

in which it was attempted to evolve design criteria from basic studies of
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the ignition process (Ref. 2 through 8). Although the use of a precup
combustion chamber has shown utility in reducing the severity of the igni-
tion spike, no real solution or understanding of the phenomenon has been

achieved.

Because of the importance of the spiking problem, Rocketdyne evaluated
novel spike suppression techniques. The most promising concept evolved
was one in which catalyét pellets were employed in an injector splash
plate at the impingement points of the unlike doublet elements. The
rationale behind this concept was that the catalyst would reduce the
ignition delay and thus reduce the raw propellant accumulation by provid-

ing sites for the exothermic decomposition of the hydrazine-based fuels.

A Rocketdyne IR&D experimental program was undertaken. Shell 405 catalyst
pellets, a catalyst of superior quality for decomposition of neat hydra-
zine (Ref. 9 through 11), were incorporated into an injector splash plate
at the propellant impingement points. The injector was similar to the
91-pound-thrust Apolle Command Module RCS design with 16 unlike doublet
elements. The chamber was also similar to the Apollo design. The pro-

pellants were N204/50 weight percent N2H4—50 weight percent UDMH.

The results of the firings seemed to indicate that improved ignition char-
acteristics, i.e., spining suppression, had occurred, and that a more ex-

tensive investigation was warranted to evaluate the concept.

The present investigation was therefore undertaken to more fully evaluate
the effects of catalytic surfaces incorporated into the injector on the
suppression of ignition pressure spiking for N204/hydrazine—base propel-
lants. The ultimate aim was the development of design criteria for elimi-

nating attitude control engine pressure spiking through the use of catalysts.
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Two catalysts were to be considered: Shell 405, and uranium dioxide, U02.

For the test-firing effort, a 9l-pound-thrust engine similar to the Apollo
Command Module RCS engine was to be used.

The experimental program was designed to systematically examine the effects
of the following parameters under noncatalytic splash plate conditions to
establish a baseline for comparison with the results obtained with cata—

lytic surfaces incorporated into the splash plate:

1. Valve timing: +20, 0, -20 milliseconds oxidizer lead *
2. Propellant temperature: 40 F, 100 F

3. Hardware temperature: O F, 40 F, 160 F

4. Propellants: N204/N2H4, N204/MMH, N204/50 weight percent N,H, -
50 weight percent UDMH

Other parameters were to be controlled throughout the experimental effort

to the following nominal values:

1. Preignition altitude: 1 mm Hg (~ 150,000 feet)
2. Weight mixture ratio (o/f): 2.1

3. IEngine chamber pressure: 150 psia

The tests with the catalytic surfaces incorporated in the splash plate

were to cover the more severe operating conditiong in terms of the spiking

results.

Chamber pressure measurements with high-response transducers were to pro-
vide the primary data for characterization of the ignition process. In

addition, high-response photographic data were to be taken.

*Valve timing refers to the elapsed time between the electrical signals
to the oxidizer and fuel fast-acting valves.
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The original program objectives also included an evaluation using an
impinging stream injector without a splash plate (flat-face injector).
However, this effort was eliminated when the program was redirected follow-
ing the conclusion that pressure spike suppression would not result from
the incorporation of catalytic surfaces in splash plate injectors. As

part of the program redirection, efforts were turned to a short comparison
of the ignition pressure spiking characteristics of the hydrogen perioxide
(98 percent)/monomethylhydrazine and nitrogen tetroxide/monomethylhydrazine
propellant combinations. The results of that study are reported in

Volume II (R-7060-2) of this report.
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EXPERIMENTAL APPARATUS AND PROCEDURES

EXPERIMENTAL HARDWARE

Thrust Chambers

A reaction control ehgine configuration, similar to that of the Apollo
Command Module RCS engine, was used for the program. In place of the
ablative Apollo chamber, uncooled (including a transparent chamber) and

cooled thrust chambers, built to the Apollo Command Module engine inter-

S

nal dimensions, were used. Photographs of the thrust chambers are presented
in Fig. 1 through 3; assembly drawings are shown in Fig. 4 and 5. Thurst

chamber design parameters were:

Throat diameter, inches 0.710
Contraction ratio 3.2
Contraction half angle, degrees 20
Characteristic length, inches 11.3

Nozzle expansion ratio 15

Uncooled Thrust Chamber. A two-piece thrust chamber assembly was used

for the short-duration, N204/MMH tests. A solid-wall chamber segment was
used except when photographic coverage was desired, when a transparent

chamber segment was used.

The cylindrical solid-wall chamber section and converging-diverging nozzle
section were fabricated from copper. A photograph and an assembly draving
of these sections are presented in Fig. 1 and 4. Copper tubing for

temperature-conditioning coils was wrapped around and brazed to the
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outside of both segments. One fast-response pressure transducer port

was located near the injector in the chamber segment, and two other ports
were located on each side of the throat in the nozzle section. Prerun,
steady-state, chamber temperature measurements were obtained froh a thermo-
couple attached directly to the outside of the copper chamber. The trans-
parent thrust chamber shown in Fig. 2 had a Plexiglas shell lined with
5/32—inch—wa11 Pyrex tubing. The converging-diverging nozzle segment

is again shown,

wWater—Cooled Thrust Chamber. A water—cooled thrust chamber was used for

all of the long—duration tests. In addition, it was utilized for the

short-duration N204/50—50 and N204/N2H4 tests. A photograph and an assembly
drawing of the chamber are presented in Fig. 3 and 5.

The thrust chamber consisted of an integral copper-walled chamber and
nozzle section which was drilled with internal cooling passages. It was
encased in a stainless-steel sheath. For the short-duration tests, tem-
perature conditioned fluids, instead of high-pressure cooling water, were
pumped through the coolant passages. Prerun steady-state chamber tempera-
ture measurements were obtained from a thermocouple attached directly to

the outside of the copper chamber.

A pressure transducer port was located in the chamber wall just upstream
of the start of nozzle convergence. The port accepted a water-cooled

Kistler pressure transducer. For the long-duration tests, high-pressure
cooling water was used to cool the pressure transducer. For the short-
duration tests, the same temperature-conditioned fluids as were used for

the chamber were pumped through the transducer cooling passages.
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Splash Plate Injector

A splash plate injector configuration similar to that of the Apollo Com-
mand Module RCS engine was used for the experimental effort. The stainless-
steel injector assembly (Fig. 1 and 2) was in two pieces; an injector and

a splash plate.

Injector. The injector was obtained by machining the splash plate from
an Apollo injector. The face pattern was composed of 16 unlike imping-
ing doublets equally spaced in a circle, with the fuel and oxidizer ori-
fices placed on 0.48- and 0.36-inch radii, respectively. The integral
Apollo valves were removed from the injector and the valves were connected
in a close-coupled manner by a mechanical fitting. A photograph of the

injector is shown in Fig. 6.

Splash Plate-Catalyst Incorporation Techniques. Two types of splash plates

were used for comparative evaluation: one type included a catalytic sur-
face and another type was identical except that the splash plates were of
solid metal. The latter type (blank splash plates) was similar to the
Apollo splash plate configuration. The one difference was that instead
of being integral with the injector, as in the Apollo design, the splash

plate was a separate segment positioned in front of the injector,

Several methods of incorporating the catalytic surfaces in the splash plate
design were employed, including both mechanical and adhesive bonding tech-
niques of Shell 405 catalyst pellets. A detailed drawing of the type of
splash plate used for adhesively-bonded pellets is presented in Fig. 7.

The blank splash plate configuration was identical except that no holes
were drilled for the catalyst pellets. A detailed drawing of the type

of ring holder used for the mechanically bonded pellets is presented in
Fig. 8. The ring insert for the ring holder is shown in Fig. 9. Photo-

graphs of the finished splash plate hardware are presented in Fig. 10.
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With both mechanical and adhesive bonding techniques, the catalyst pellets
were held in 16 holes drilled through a splash plate. Splash plate index-
ing provisions were included to position these holes either directly at
the point of propellant iwpingement, or halfway between adjacent.impinge—

ment points.

Two high-temperature potting compounds were used with the adhesive tech-
nique, Sauereisen1 gnd Eccoceram QCQ. To ensure a smooth splash plate
surface, the catalyst pellets were machined flush with the splash plate
surface. In the mechanical technique, the catalyst pellets were held,
without adhesive, in either tapered or stepped relief holes drilled
through from the downstream side of the splash plate. A small retaining
ring was used to hold the pellets in place (Fig. 9).

In addition to the Shell 405 efforts, flame spraying of UO2 catalyst coatings
on the face of a blank splash plate was evaluated. Initial Urania deposi-

tion attempts were unsuccessful due to the use of undersized U0, particles

(< 10 microns). Subsequent attempts with a larger particle si;i feed
(30 microns)resulted in reasonably uniform UO2 coatings. Urania-coated
splash plates were not used in any of the firings since laboratory tests
showed the UO2 to be noncatalytic with respect to N2H4, MMH, or 50-50

decomposition.

Main Valves

Apollo engine main valves (Fig. 11) were used. The valves were a common

unit of two independently operated solenoid valves.

1Manufactured by Sauereisen Cement Co., Pittsburgh, Pa.

2Manufactured by Emerson & Cumming, Inc., Gardena, Calif.

10
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A metering orifice and a removable filter contained in the valve body were
included with the valve. Each valve had two solenoid coils. Sequencing
between the two valves was achieved by means of a solid-state, adjustable,
delay circuit. The command signal was immediately fed to the leading
valve. The time delay in the signal to the lagging valve was set by suit-
ably adjusting a variable potentiometer in the RC delay circuit. Lead and
lag valve sequence positions were controlled by changing the electrical

connectors at the valve.

EXPERIMENTAL FACILITIES

The experimental firings were conducted at the flame laboratory test stand
located at the Rocketdyne Santa Susana Field Laboratory. Photographs of
the test stand are presented in Fig.12 and 13.

Propellant Flow Systems

A schematic diagram of the propellant flow systems is shown in Fig. 14,
The fuel and oxidizer flow systems are identical in design. Although the
NTO system has been replaced with an H202 system in Fig,12 and 13 (see
Volume II, R-7060-2), its appearance is similar to that of the fuel system

in the figures.

Helium was used as the pressurant gas for both 250-cubic-inch propellant
tanks. Gaseous nitrogen purge systems and liquid flush systems were used
to clear the propellant lines, main valves, and injector manifolds at the
close of the firing day. The selection of the flush fluids, isopropyl
alcohol and‘Freon TF for the fuel and oxidizer systems, respectively, was

based on Apollo valve-cleaning standards.

11
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A propellant recirculation system was included to allow recirculation of
the propellants from the lines upstream of the main valves to the propel-
lant tanks. This was to eliminate gas pockets in the propellant lines

and to aid in propellant temperature conditioning.

Temperature conditioning of the propellants and thrust chamber was a pro-
gram requirement. A schematic of the temperature-conditioning system
employed is shown in Fig. 15. The conditioning system was capable of
controlling temperatures in the range from -75 to +212 F. Low-temperature
conditioning was obtained by circulating methyl alcohol through a low-
temperature Dry Ice-alcohol bath to each of four conditioning tanks. Each
conditioning tank was provided with a thermostatically controlled 500-watt
heating element and an individual recirculation system to the test hard-
ware. Separate conditioning tanks and hardware recirculation systems were
used for (1) the thrust chamber, (2) the fuel and oxidizer propellant lines,
(3) the fuel tank, and (4) the oxidizer tank. An intermediate tank was
used for low-temperature oxidizer run tank conditioning. This was neces-
sary because it was desired, from a safety standpoint, to use Freon TF as
the oxidizer tank conditioning fluid instead of alcohol. Since the Freon TF
would have frozen at the Dry Ice bath temperatures, an alcohol tank at an

intermediate temperature was therefore employed.
For high-temperature conditioning, water was substituted for alcohol and

Variac—controlled, higher—power (2- and 4_kilowatt) heating elements were

used in addition to the thermostatically controlled 500-watt heaters.

Vaccum Chamber

Test conditions included firing at a simulated altitude of 150,000 feet.
Altitude simulation was accomplished by firing the thrust chamber into a

vacuum tank (21 cubic feet) which was evaculated by a large~capacity

12
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vacuum pump (Kinney Model No. KC 46). Vacuum pump oil (tricresylphosphate)
compatible with the propellant exhaust products was employed. The vacuum

tank and vacuum pump are identified in Fig. 13.

EXPERIMENTAL INSTRUMENTATION

A tabulation of the various measurements, together with the transducers

and recorders used, is presented in Table 1.

Data Sensing Instrumentation

Pressure Measurements. Kistler and Statham pressure transducers were used

for high- and low-response measurements of chamber pressure, respectively,

Statham transducers were also used for propellant tank and line pressures.

Both Kistler Models 601H and 616A transducers were employed. Both models
are similar except that the latter models were encased in a water—cooled
jacket. The 601H transducers were used in the uncooled and transparent
chambers. The 616A transducer was used in the long-duration, water-cooled
chamber. Kistler Model 568 charge amplifiers were used with the trans—
ducers. Between the transducers and the charge amplifiers Kistler Model
No. 131A25 ultralow-noise extension cables were used. The ratios of
transient spike pressure to steady chamber pressure were obtained from

the Kistler measurements.

Simulated altitude pressure data were obtained with a MKS Instrument

Baratron Pressure Head, Type 774-30, 0-30 mm.

13
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Flowrate Measurements. Both Fischer-Porter turbine-type flowmeters and

Rocketdyne—designed, deflection-wand-type flowmeters were used to measure
propellant flowrates. The Rocketdyne deflection flowmeter, which provides
a d-c output from a strain gage as the wand is deflected by the bropellant
flow, was used for high-response measurements. The turbine flowmeters

were used for steady-flow measurements.

Temperature Measurements. Sheathed iron-constantan thermocouples were

used to measure propellant line temperatures, propellant injection tem-

peratures, and thrust chamber conditioning temperature.

Valve Actuation Measurements. Main valve opening and closing data were

obtained by monitoring the induced voltage from the secondary solenoid
coil (an inactive coil). During valve operation one of the solenoid coils
of the valve energized the armature, while the other coil was used to mon-
itor the valve operation. The monitoring coil picked up the magnetic flux
from the operating coil when it was energized, and also detected the arm-
ature motion due to its effect on the magnetic field. Figure 13 shows

a typical trace of the output of this monitoring coil. As the operating
coil was energized, the voltage across the monitoring coil rose sharply

to a peak, and began to decay toward zero since the energizing current

was no longer changing. The movement of the armature changed the magnetic
field strength and induced an additional voltage across the monitoring
coil that appeared as a second peak (Fig. 16). Valve power signals, pres-
sure responses, and flowmeter responses are also shown in Fig. 16. (Note
the essentially simultaneous response of the two high-response flowmeters

to a simultaneous valve opening.)
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Data Recording Instrumentation

Data were recorded as noted in Table 1 on either one or a combination of

the following recording instruments:

1.

Hieland Model 712C, 60-channel oscillograph, 0-3 khz response,
CEC-type 1-127 a-c amplifiers, Dana Model 3840 d-c amplifiers,
Rocketdyne-designed solid-state emitter follower amplifiers

for Rocketdyne flowmeters

Beckman Offner Type R Dynalog, 0-200 hz response, 8 channel
Tektronix Type 545 oscilloscope,0.01 usec rise time

Ampex Model 5-3459 Tape Recorder, 7-channel 0-10,000 hz response

MKS Instruments, Type 77 Baratron Pressure Meter (Baratron
referenced to a Stokes McLeod Gage, Flosdorf-type range
0-500 microns)

Foxboro Cell Type Dynalog Recorder, Model 9420 TV
Foxboro EMF Type Dynalog Recorder, Model 9330A

Bailey Meter, Model EX00, circular chart-type recorder

Data Playback Instrumentation

The magnetic tape records of the Kistler pressure transducers, a 1000-Hz

timing pulse, and the Rocketdyne high-response flowmeters, which were

simultaneously made on the Ampex Model 5-3459 recorder/reproducer at

60 ips,
ducer,.

channel

were replayed at 7—1/2 ips on an Ampex FR 100-7 recorder/repro—
The output from the FR 100-7 was recorded by a 7-inch, CEC, 18-
oscillograph. The paper speed on the latter was 27 ips.
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The system playback response was limited by the oscillograph galvanometers
which were rated at 5 KHz. Since the data were played back at 1/8 origi-
nal speed, the overall limiting response in the whole tape recording/
reproducing system was the real time 0-10 KHz response of the Model 5-
3459 recorder.

EXPERIMENTAL PROCEDURES

The experimental test procedures are discussed in three parts: prerun

checkout, testing, and posttest stand shutdown.

Prerun Checkout

The prerun checkout procedure was performed to ready the stand for test-
ing. This included hardware assembly, flow system checks, instrumenta-

tion checks, and conditioning system activation and adjustment.

The hardware was assembled between the vacuum chamber and main valves.
This included the injector, splash plate, and chamber sections. Following
this, a complete flow system check was made, including a systematic check

of the valves. Propellant was added to the run tanks if required.

The conditioning system was actuated and adjusted. For low-temperature
operation (0 or 40 F), the cold bath was filled with Dry Ice and methyl
alcohol and the other low-temperature baths were filled with alcohol.
The baths used for high-temperature conditioning were filled with water.
Adjustments to the system were made to keep the conditioned temperatures

within desired ranges.
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Instrumentation checks were made on all pressure and flowmeter transducers.

The Kistler transducers were calibrated with a vacuum tube voltmeter each
day and were calibrated on tape periodically. Other pressure transducers
were zeroed and an electrical calibrate throw (80 percent of rangé signal)
was obtained. (The pressure transducers were normally calibrated about
once a month.) The thermocouples were checked for continuity and the

f lowmeters checked for operation, when the propellants were recirculated
just prior to the countdown. The tape channels, oscillograph channels
and galvanometers, and the direct inking oscillograph channels were
checked for correct operation. The oscilloscope used to display the
leading valve trace and a Kistler trace was also checked for correct

operation.

Motion picture camera equipment was also set up for the transparent

chamber firings during this time period.

Testing Procedure

Immediately prior to each test, the vacuum chamber was evacuated and
final adjustments were made to the propellant and chamber conditioning
systems. The main valves—actuation circuits were connected and the valve

lead-lag control adjusted to give the proper valve.

The steps taken immediately prior to a firing were as follows:

1. The propellant prevalves were opened.
2. The propellant tanks were pressurized.

3. The propellant line and injection and chamber temperatures were

read from a Leeds and Northrup millivolt potentiometer.
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4., The test-pit fire-extinguishing system and sequencer were armed.
5. The altitude chamber vacuum conditions were read.

6. The oscilloscope camera shutter was opened.

A four-step countdown and firing sequence was made as follows:

One - the tape recorder was turned on
Two - (count only)
Three - (count only)

Fire - The Eagle sequencer was actuated

Also, at the command of "Fire," the oscillographs and circular recording
charts were started. Approximately 2 seconds later the main valves were
opened. The Eagle sequencer was used to control the test duration to

between 450 and 750 milliseconds.

Following a test, the oscilloscope camera shutter was closed, the propel-
lant tank pressures run down, the prevalves closed, and the fire and

sequence systems were put in a standby condition.

Between tests the vacuum chamber was purged with nitrogen and then
re—evacuated. After several tests it usually became necessary to change
the vacuum pump oil because of contamination by the propellants. System
operation was checked between tests by checking the parameters displayed
by the on-line oscillograph and the photograph of the Kistler and valve

trace taken with the oscilloscope camera.
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Preliminary spiking data were obtained by simultaneously monitoring the
leading valve and a Kistler transducer on an oscilloscope. Both the in-
dividual valve voltage and the pressure traces were recorded by a Polaroid
camera. The camera lens was set on a time exposure and both traces were
triggered to sweep across the oscilloscope by the electrical signal to the
leading fast-acting propellant valve, Ignition delay times were obtained
from the Polaroid recordings and simultaneous recordings of the two valve

signatures (induced Voltage) on a high-response oscillograph (Fig. 16).

During a test series, the above procedure was initiated immediately follow-
ing attainment of the desired altitude conditions. When high-speed camera
coverage was used, the pretest and test sequences were the same. The
sequencer, however, controlled the camera operation: the low-speed (64
frames/second) camera was turned on immediately, the high-speed cameras
(frame and streak) were turned on approximately 1 second before ignition;

power to all cameras was removed after the main valves were closed.

Posttest Procedure

The hardware was separated at the injector-splash plate interface so that
the splash plate coule be removed and inspected. The main propellant valves
were purged and flushed with solvents (isopropyl alcohol and Freon TF for

fuel and oxidizer, respectively) prior to securing the stand for the day.

DATA REDUCTION AND ANALYSIS PROCEDURE

The data reduction included both the slow-to-medium response data of
system parameters such as propellant flowrate and chamber pressure, and

the high-response data. In all cases, the propellant temperatures used
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to compute flowrates were taken from the precountdown thermocouple read-
ings. The flowrates were calculated using the steady-state turbine meter
spin frequency recorded on the galvanometer oscillograph, and the propel-
lant density was determined from the line temperature; the mixture ratio
was then calculated. Steady-state chamber pressure was also calculated
from the deflection recorded on the galvanometer oscillograph. The final
chamber pressure was calculated by dividing the steady-state deflection
by the prerun calibrate throw. A calibration table was used to translate
this reduced reading to the chamber pressure. The direct inking and cir-
cular chart recorders were used primarily for backup to the galvanometer

oscillograph or when the prerun readings were questioned.

The high-response pressure spiking data were obtained from the Kistler
pressure transducer output recorded on an FM tape recorder, speed reduced,
and reproduced on a galvanometer oscillograph. Actual valve leads and lags
were obtained directly on the galvanometer oscillograph traces in conjunc-
tion with the valve and Kistler traces photographed (Polaroid) on the

oscilloscope.

PROPELLANT COMPOSITONS

Chemical analyses were performed on the propellants used for testing by
the Analytical Chemistry section of the Research Division. These analyses

are presented below:

N0, (Green NTO)

99.2 percent N204
0.65 percent NO

0.004 percent NOC1
0.08 percent H20

Density = 1.459 g/ml at 60 F

Conforms to MSC PPD-2A for
Components Analyzed
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NQHBCHj (Monome thylhydrazine-MMH)

99.6 percent MMH

0.2 percent HéO

0.1 percent Nﬂj

0.1 percent Other soluble impurities
Trace CH'3NH2

Density = 0.870 g/ml at 77 F

Conforms to Mil P-27404 for Components Analyzed

- 50-50 (50 weight percent Hydrazine-50 weight percent
Unsymmetrical Dimethylhydrazine )

50.9 percent N2H4
48.1 percent UDMH
1.0 percent HéO and other soluble impurities

Density = 0.908 g/ml at 60 F
Conforms to Mil P-27402 to Components Analyzed

NH, (Hydrazine )

98.6 percent NoH),
0.6 percent H,0
0.8 percent NH3

Trace other soluble impurities

Density = 1.013 g/ml at 60 F

Conforms to Mil H-26536 for components analyzed
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RESULTS AND DISCUSSION

The objectives of the present investigation were to evaluate the use of
catalysts as a means for the elimination or suppression of pressure spiking
which occurs during the altitude ignition of some hypergolic propellant
combinations, and to establish design criteria for the incorporation of
catalytic surfaces in bipropellant RCS engines. Results were obtained

with three propellant combinations:

1. Nitrogen tetroxide/monomethylhydrazine

2, Nitrogen tetroxide/50 weight percent hydrazine-50 weight percent
unsymmetrical dimethylhydrazine

3. Nitrogen tetroxide /hydrazine

A short preliminary laboratory effort was carried out to evaluate the two
catalysts to be considered in this program, Shell 405 and uranium dioxide.
The major portion of the program effort was directed at determining the
catalytic effectiveness and durability of selected design concepts for

the three propellant combinations. This was accomplished by first estab-
lishing a noncatalytic baseline of pressure spiking characteristics and
then determining the corresponding characteristics with catalytic surfaces

incorporated into the engine.

PRELIMINARY CATALYTIC LABORATORY STUDIES
A laboratory-scale experimental effort was carried out to evaluate the

catalytic activity and durability of the two catalysts considered for use

in the thrust chamber firing portion of the program. These two catalysts
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were Shell 405 and U0,. Whole Shell 405 pellets (1/8-inch by 1/8-inch
cylinders), pulverized pellets, UO2 powder, and stainless-steel surfaces
flame sprayed with UO2 were tested. Catalytic activity was investigated
with respect to the decomposition of the three hydrazine fuels of interest;
neat hydrazine, monomethylhydrazine (MMH), and a 50 weight percent hydrazine-

50 weight percent unsymmetrical dimethylhydrazine (UDMH) blend.

Catalytic Activity

For the Shell 405 and powdered U02 the tests consisted of the introduction
of one pellet (or its pulverized or powder equivalent) into 1/2 milliliter
of a hydrazine compound which was contained in a 25-milliliter graduate.
For the tests with the flame-sprayed UOQ, the hydrazines were put on the
U02 surfaces in drops. All tests were conducted under ambient (room) tem-

perature conditions.

No gas evolution (with concurrent evaporation) was found for any of hydra-
zines when tested with either the powdered or flame-sprayed forms of the
U02. It was therefore concluded that the UO2 was not effective as an

agent for the catalytic decomposition of hydrazine-type fuels of interest.

The most reactive fuel-catalyst combination found was that of hydrazine
and pulverized Shell 405. The decomposition of 1/2 milliliter of hydrazine
took place within about 2 seconds with a bright orange flame present. With

the whole pellet, decomposition took place in about 50 seconds.
The decomposition of 1/2 milliliter of the 50-50 mixture with pulverized

Shell 405 took place in about 15 seconds. A spark-type flame was present.
With the whole pellet, the decomposition took place in about 100 seconds.
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The MMH decomposition was found to be almost noncatalyzed by either the
pulverized Shell 405 catalyst or the whole pellet. Liquid was found to

remain in the graduate 1 hour after adding the catalyst.

It was concluded that the Shell 405 was very effective as a catalytic
agent for the decomposition of hydrazine, but that it was practically
ineffective for the decomposition of MMH. It was inferred that the reason

for the moderate reactivity of the 50-50 mix was due to the presence of

the hydrazine,

Catalyst Durability

An indication of catalyst durability was obtained by dropping hydrazine
onto a flat end of a catalyst pellet. Immediate decomposition of the
hydrazine took place, with the heat evolved causing the pellet to glow
red for about 1/4 of its length. The pellet was allowed to cool and the
experiment was repeated with the same results. The catalyst was then
turned over and the two experiments were repeated with the same results.
From the experiments it was concluded that the pellets had reasonable

durability with respect to thermal stress.

After each series of runs with a given splash plate, the catalytic acti-
vity of the pellets was normally checked under laboratory conditions with
neat hydrazine. A drop of neat hydrazine was placed on each of the pel-
lets which was still bonded into the splash plate. This technique did

not allow quantitative measurements of the catalyst's activity. Although
the reactions were not as vigorous as pre-test, some reaction was evident

in each case.
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NITROGEN TETROXIDE/MONOMETHYLHYDRAZINE

Although the preliminary laboratory tests had shown MMH decomposition to
be almost noncatalyzed by the Shell 405, a small portion of the engine
testing was devoted to the NQOQ/MMH propellant combination. This decision
was made because of the extreme practical importance of the NQOA/MMH pro-

pellants and because there was at least a small chance of success. It was

felt that only by actual ignition spiking tests could this small possi-
bility be evaluated. Further, the noncatalytic testing with the N204/
MMH would be useful as a baseline for comparison with the N204/50-50
propellants. Finally, a determination of the effects of valve timing

and temperature on the N204/MMH spiking characteristics was considered

important.

A summary of all the NTO/MMH tests is presented in Appendix A (Table A-1).
The initial nonaltitude runs served to check out the system as well as to
provide some data on the nonaltitude ignition characteristics of the NTO/MMH
system. The remaining runs were designed to (1) establish a base of non-
catalytic altitude ignition data, and (2) provide sufficient catalytic data
from which to determine the effectiveness of the catalytic concepts em-
ployed. The altitude runs were carred out in a sequence designed for

minimization of changes in the temperature-conditioning fluids.

Noncatalytic Altitude Tests

The noncatalytic test matrix was designed to produce ignition data for
oxidizer leads of +20, 0, —-20 milliseconds at propellant temperature-
chamber temperature combinations of 40 F/0 F, 40 F/40F, 40 F/160 F, and
100 F/O F, 100 F/40 F, and 100 F/160 F. 1In addition, transparent chamber

firings were made with 40 F propellants and ambient temperature (70 F)

chambers.
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A summary of the relevant data is presented in Table 2. Almost all of the
conditioning temperatures were well within 5 F of the nominal temperatures
shown. The oxidizer leads, times between oxidizer valve full open and
fuel valve full open had maximum deviations of tg milliseconds from the
nominal values shown. The pressure spiking is reported as the ratio of
the maximum spike pressure to the steady-state chamber pressure.

The most striking feqture of the data is the apparent scatter in the
ratios of the maximum spike to steady-state chamber pressure for fixed
conditions. Continuous pre- and post-run checks of the Kistler pressure
transducer measurement system precluded the scatter being due to experi-
mental inaccuracies. Further, previous investigations have shown similar
data scatter histories (Ref.3 ). Therefore, although elimination of
pressure spiking (the objective of the program) would be clearly revealed
with a limited quantity of data, without a large number of tests the data

scatter would preclude conclusions concerning a small degree of spiking

suppression.

Lffect of Valve Timing. Average spiking pressure ratios as a function of

relative valve timings are presented in Fig. 17. Although the number of
data points is certainly limited, there does appear to be maximum of the
pressure ratios in the vicinity of zero oxidizer lead conditions. In
Volume II, (R-7060-2) the results of 113 NTO/MMH firings, all with 100 F
propellants and 100 F chamber temperature, are discussed. There, the large
number of data points more clearly shows a maximum in pressure ratio in the

vicinity of a zero oxidizer lead condition.

Effect of Temperature. A summary of the average of the pressure ratios

for the various temperature combinations investigated is presented in

Table 3. At a given propellant temperature, the averages of the pressure
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spike ratio generally decreased with increasing hardware temperature. Addi-
tionally, for a given hardware temperature, the averages of the pressure
spike ratio generally decreased with increasing propellant temperature.
The maximum pressure ratio for a given set of temperature conditions cor-
related well with an average temperature of the system, namely, the aver-
age of the propellant and chamber temperatures. A plot of the logarithm
of the maximum pressure ratio vs the reciprocal of the average of the
propellant and chamber temperatures for all of the noncatalytic N204/MMH
data is presented in Fig. 18. It is seen that the data fits a straight
line quite well. The fact that reciprocal temperature was found to be an
important variable is consistent with the acknowledged dependence of the

spiking process on propellant vapor pressure and/or reaction rate levels.

Photographic Observations. During five of the firings, photographic

data were taken in addition to high-response Kistler pressure transducer

data. Both framing and streak photographic techniques were employed.

The framing photos were taken at about 3400 frames per second, the streaks
at about 93 fps. Through use of a 1000-cps timing pulse, which was common
to the Kistler and oscillograph recording systems and also common to
timing lights employed on both the framing and streak cameras, the rela-

tive time positions of all data could be determined.

It was found that the first indication of ignition as determined photo-
graphically was coincident with the first indication of ignition as deter-
mined from the pressure transducer data. Accuracy in the determinations

was within 1/3 millisecond.

The framing photographs, although of good clarity, failed to reveal any
of the details of the spiking process. In one run in which the pressure
spiked, then fell to a low preignition value, and then rose again, the
framing photographs showed illumination, darkness, and then illumination,

as should be expected.
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All of the nontransparent chamber runs were made with the same splash
plate, Cl. For that plate, Eccoceram QC was used as the bonding agent.
Prior to first time usage, all of the bonded catalyst pellets were spot
checked with neat hydrazine and all appeared to be as active as unbonded
pellets from the same catalyst batch. From these results, it was con-
cluded that the pellets had not been contaminated during the bonding.
After each set of tests, plate Cl was checked for pellet loss. No loss
occurred in the test series 28-32 or 59-65. During the test series 70-75
2 of the original 16 pellets were lost. After test 75, the catalytic

activity of the remaining 14 pellets was checked with neat hydrazine.

The transparent chamber firings were all made with another splash plate,
C-2. For that plate, Sauereisen was used as the bonding agent. As with
C-1, plate C-2 was tested with neat hydrazine prior to being fired, and
was found to be uncontaminated. No pellet loss from plate C2 occurred in
the test series 81-85.

Effect of Catalyst. The catalytic and noncatalytic data are presented

in Fig. 14 and summarized in Table 3. The addition of the catalytic
surfaces to the splash plate did not eliminate or reduce the spiking.
These results confirmed the laboratory tests which had shown the Shell 405
to be almost noncatalytic with respect to MMH. The previously discussed
broad distribution inherent in the ignition spike data is thought to be
the cause of the increased average value and range of the spike pressure

ratio for some of the catalytic run conditions.

Photographic Observations. Streak and framing photographic data were

taken during five of the catalytic firings. During one of the catalytic
firings, the streak photograph seemed to indicate that at the start of
the ignition process, a sonic pressure wave began at the nozzle end of
of the chamber and traveled toward the injector end. However, during the

other catalytic firings which started with ignition pressure spikes, the
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The streak photographs contained more basic data. The photographs were
taken through an 0.002-inch slit which was parallel to the bulk flow
movement of the gases. The recording was made with a high-speed, shutter-
less movie camera with the film moving perpendicular to the longitudinal
axis of the slit. Thus, a luminous trace parallel to the direction of
film travel would correspond to longitudinal velocity of zero while a
luminous trace perpendicular to the direction of film travel would cor-

respond to an infinite longitudinal velocity.

In those runs which started with an ignition pressure spike, the starts
were characterized by luminous traces indicative of a velocity approxi-
mately equal to the speed of sound in the burned gases. These waves

typically traveled from the injector region toward the nozzle region and

then returned to the injector at about the same velocity. After reflecting
from the injector, the waves typically seemed to decay before reaching the
nozzle again. The entire process typically took about 1 millisecond.
Following the first millisecond, the streak photographs usually exhibited

a steady pattern, with streak slopes characteristic of velocities increas-
ing from the injector end to the nozzle end of the chamber. The maximum
measured velocities corresponded approximately to the predicted chamber
Mach number. In addition, the streaks showed the flow to be directed
toward the nozzle. A typical set of photographs is shown in Fig., 19,

Also shown is the corresponding Kistler pressure transducer data.

Catalytic Altitude Tests

The catalytic altitude tests were carried out with oxidizer leads of +20,
0, and -20 milliseconds at propellant temperature-chamber temperature
combinations of 40 F/0 F, 40 F/40 F, and 100 F/40 F. Also, some trans-
parent chamber firings were made with 40 F propellants and ambient tem-

perature (70 F) chambers. A summary of the runs is presented in Table 4,
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sonic pressure waves at ignition started at the injector end, just as in
all of the noncatalytic firings. Thus, in general, no differences were

observed photographically between the noncatalytic and catalytic firings.
These observations are consistent with the results of the pressure trans-

ducer data previously discussed.

NITROGEN TETROXIDE/50 WEIGHT PERCENT HYDRAZINE—
50 WEIGHT PERCENT UNSYMMETRICAL DIMETHYLHYDRAZ INL

A summary of all the NTO/50—50 tests is presented in Appendix A (Table A-2).
As with the NTO/MMH tests, the runs were designed to (1) establish a hase
of noncatalytic altitude ignition data, and (2) provide sufficient catalytic
data from which to determine the effectiveness of the catalytic concepts

employed.

Noncatalytic Altitude Tests

The noncatalytic test matrix was designed to produce ignition data for
oxidizer leads of +20, 0, and —-20 milliseconds at propellant temperature-
chamber temperature combinations of 40 F/0 F, 40 F/40 F, 40 F/160 F,

100 ¥/0 F, 100 F/40 F, and 100 F/160 F.

Table 5 presents a summary of the relevant data. As with the NQOA/MMH
data, the maximum to steady-state pressure ratios, PS/PC, for a given set

of conditions show a wide variation.

Effects of Valve Timing. The variations of the spiking to steady-state

pressure ratios, Ps/Pc’ with respect to valve timings are presented in
Fig. 20. An unexplained difference in the pressure ratio characteristics
as compared to NTO/MMH wvas noted. Whereas maxima in the spiking ratio
cccurred almost consistently at the zero oxidizer lead condition for the
NTO/MMH propellant combination, for the NTO/50-5O propellant combination
minima seemed to occur at the zero oxidizer lead condition. Additionally
for the NT0/50-50 combination, spiking levels reached large values for the

long (20 milliseconds) oxidizer lead conditions.
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Effect of Temperature. A summary of the averages of the maximum to steady-

state pressure ratios for various propellant and hardware temperatures is
presented in Table 6. For all hardware temperatures, increases in pro-
pellant temperatures from 40 to 100 F resulted in lower spiking ratios.
Similarly, increases in hardware temperature from 40 to 160 F resulted
in lower spiking ratios at both the 40 and 100 F propellant temperature

levels.

The high average spiking ratio of 7.6 which was observed for 40 F/QO F
conditions was due primarily to two seemingly out-of-line ratios of 23.8
and 33.0. If the average is taken without those two tests, an average of

3.8 results. Employing that value, the temperature effects become entirely

monotonic,

The two high spiking ratios of 23.8 and 33.0 are not thought to be due

to experimental error. Rather, they are thought to be due to a type of
spiking mechanism different from that accounting for the more commonly
encountered, moderately valued spikes. For the 101 firings with N204/50—50
the two aforementioned spikes were the only ones with pressure ratios
greater than 12,0,

The most striking effect of temperature occurred for the 100 F propellant/
160 F chamber combination., Not only was the average value low, but the
range of values was small. The total pressure ratio variation was from
1.2 to 1.9 for the seven firings. Therefore, it appears that through
temperature manipulation alone, spiking could be held within tolerable
limits for the N204/50-50 propellant combination. The minimum temperature
seems to lie between 40 and 160 F for the chamber and between 40 and 100 F
for the propellants.
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Examination of plate C-5 after the next set of firings showed that 14 of
the original 16 pellets still remained and it was concluded that no fur-
ther catalytic testing at the 40 FV&O F temperature conditions was neces-
sary. Catalyst plates C-6, C-7, and C-8 were all previously unfired,
prerun hydrazine checked, Eccoceram QC bonded plates. No pellet loss
occured with plate C-6. After the six tests with plate C-7, 14 of the
original 16 pellets still remained. The condition of plate C-8 after its

seven tests was similar to that of plate C-~7 after its six tests.

Effect of Catalyst. Plots of both the catalytic and noncatalytic data
are presented in Fig. 20. For reasons previously discussed, the results
of thase tests employing only plates C-4 and C-5 were used in 40 F/40 F
pPlots. It can be seen that for all temperature conditions studied, the

catalyst did not serve to eliminate the spiking.

While the catalytic and noncatalytic data in Fig. 99 appear reasonably
close for the 100 F propellant temperature runs, a wide diversity exists
for the set of runs with the 40 F propellants. Part of this can be
explained. The high average spike value of 13.5 for the 40 F/40 F runs
at the +20—m11115econd oxidizer lead condition was mainly due to two
runs with spike ratios of 23.8 and 33.0. If those are eliminated from
the average for reasons discussed previously, an average value of 3.7
results. That compares quite favorably with the average catalytic value

of 3.9,

Table 6 presents a summary of the catalytic and noncatalytic data. The

results presented in this manner also show that the catalytic techniques

were not effective in eliminating the spiking. Owing to the small number
of data points relative to the broadness of the distribution of observed

spiking levels at a given condition, the small reductions in spiking

levels are not thought to be statistically significant.
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Catalytic Altitude Tests

Catalytic altitude tests were carried out for oxidizer leads of +20, O,
and -20 milliseconds for propellant temperature-chamber temperature combi-
nations of 40 F/40 F, 100 F/0 F, 100 F/40 F, and 100 F/160 F. A summary
of the data is presented in Table 7.

Four sets of firings were carried out at the main temperature combination
of interest, 40 F/40 F. 1In the first set of firings, catalytic splash
plate C-2 was employed. This was a plate which had previously been used
in a series of N204/MMH firings. As seen in Table 7, the catalyst did
not serve to eliminate the spiking. A check of plate C-2 after test 97

revealed that only one pellet was lost.

Since plate C-2 could possibly have been contaminated in its use during

the MMH firings, another set of firings was accomplished with a new plate.
The new plate, C-3, contained mechanically bonded catalyst pellets, i.e.,
no bonding agent was employed. Before using C-3, all of the bonded pellets
were tested with neat hydrazine to ensure that they were not contaminated
during machine shop handling. The pellets were found to be as reactive

as unbonded ones from the same catalyst batch. Again, during the test
firings no spike elimination was found. However, examination of the

splash plate after the seven firings showed that 14 of the original

16 pellets had been blown out.

The third set of firings was carried out with another previously unfired
plate, C-4., This plate, which was also pretested with neat hydrazine,
contained 16 pellets bonded with Eccoceram QC. The plate was examined
after the second firing and all pellets were found to be in place. How-
ever, one pellet was loose so it was decided to use a new plate (activity

checked with hydrazine) for the final set of 40 F/40 F firings.
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NITROGEN TETROXIDE/HYDRAZINE

Preliminary laboratory tests had shown the Shell 405 catalyst to be con-
siderably more reactive with respect to hydrazine decomposition than with
respect to either 50/50 or MMH decomposition. Therefore, as a final test
of the catalytic suppression concept, a limited number of both noncatalytic
and catalytic N204/hydrazine firings were made. A summary of all the
N204/'N2H4 data is presented in Appendix A (Table A-3).

Noncatalytic Altitude Tests

The noncﬁtalytic tests were conducted for oxidizer leads ranging from -20
to +20 milliseconds primarily at the propellant temperature/hprdware
temperature combinations of 40 F/40 F and 100 F/40 F. One successful
test was also conducted at a 100 F/0 F condition. However, after hydra-
zine freezing occurred in a subsequent test, no more tests at that con-

dition were attempted. A summary of the data is presented in Table8.

Effect of Valve Timing. The variations of spiking pressure with respect

to valve timings are shown in Fig, 21. For the 40 F/40 F temperature
condition, a spiking maximum seems to occur in the vicinity of the zero
oxidizer lead condition. For the 100 F/40 F condition, a minimum seems
to occur in the vicinity of a +10-millisecond oxidizer lead. It is
noted that maxima were typically found near the O-millisecond lead-lag
condition for the N204/MMH propellants while minima were found for the
N204/50-50 propellants.
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Effect of Temperature. A summary of the maximum to steady-state pressure

ratios for the various propellant and hardware temperatures is presented
in Table 9. As with the other propellant combinations, decreases in the
average of the maximum to steady-state pressure ratios were found for

both increasing propellant and chamber temperatures.

Catalytic Altitude Tests

Catalytic altitude tests were made at both the 40 F/40 F and 100 F/40 F

propellant temperature-chamber temperature combinations.

Table 10 presents a summary of the runs for which pressure data were
available. Each catalytic run was carried out with a previously unfired
splash plate. Each splash plate contained 16 Eccoceram QC-bonded Shell 405
pelléts. Prior to firing, they were laboratory checked with hydrazine

and were found to be as catalytically active as unbonded pellets from the

same catalyst batch.

It was necessary to use néw catalyst plates for each run since after a

run only 1 or 2 of the original 16 pellets remained.  Such a pellet loss
did not occur with either the NQOA/MMH or N204/50—50 propellant combina-—
tions. The fact that Shell 405 is significantly more catalytic with
respect to N2H4 than with respect to MMH or 50-50 is consistent with the
above. The increased decomposition rates would have the effect of increas-
ing the gas evolution rates and combustion levels around the pellets. They
would result in increased temperature and pressure buildups and therefore

a greater potential for pellet loss.
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Effect of Catalyst. Plots of both the catalytic and noncatalytic data
are presented in Fig. 21. In addition, a comparative summary of the
catalytic and noncatalytic data is given in Table 8 . It can be seen
that the spiking was not eliminated. For the 100 F/40 F condition the
spiking does not appear to have been reduced. At the 40 F/40 F condition,
the two catalytic runs had lower spikes than the two corresponding non-
catalytic runs. However, if the spread in spiking ratios at the zero
oxidizer lead condition is assumed to be indicative of what the spread
might have been at +20 and -20 milliseconds oxidizer lead conditions if
more data had been taken, there really is no significance to the catalytic

reduction observed.

The loss of catalyst pellets during each run still allows for the possi-
bility that the spiking might have been eliminated if a bonding concept
which was capable of containing the catalyst pellets during the whole
run had been employed. However, the point in time at which the pellets
were lost is not known and it is possible that the pellets remained in
place during the spiking portion of each run and were lost during the
latter portion of each run. If the latter is true then employment of a

superior bonding concept would have been of no help.

37/38



m ROCKETDYNE - A DIVISION OF NORTH AMERICAN AVIATION, INC.

CONCLUDING REMARKS

The concept of incorporating catalytic surfaces in splash plate injectors
to eliminate ignition pressure spiking was unsuccessful with the three
propellant combinations tested, N204/MMH, N204/50 wt. % N2H§—5O wt., %
UDMH, and N204/N2H§, A design concept of bonding Shell 405 pellets into
a splash plate with a high temperature adhesive was found to be durable
under N204/MMH and N204/50 wt. % UDMH firing conditions. However, with
the N204/N2H4 propellant combination only one or two of the original six-—
teen catalyst pellets remained after a short firing (< 1 second duration).
Thus, the possibility remains that the ignition spiking with NQOQ/N2H§
could be eliminated with a suitable design concept for retaining the cata-
lytic surface. However, interest in this propellant combination is

relatively low,

A broad distribution of peak ignition pressure values was found for a
given propellant at fixed temperature and valve timing conditons. Thus,
although the use of catalytic surfaces was unambiguously not found to
eliminate ignition pressure spiking, only through large amounts of data
could possible moderating effects, if any, if the catalyst be clearly
exhibited. Such large amounts of data were not obtained in the present

program.

At the primary temperature of interest, 40 F, the ignition pressure spik-
ing was most severe for the Néoh/Néﬂﬂ propellant combination, less severe
for the N204/50 wt % NH, - 50 wt % UDMH combination, and least severe
for the Néoh/MMH combination.
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Increases in propellant chamber temperatures resulted in decreases in
ignition pressure spiking for all propellant combinations tested. The
largest temperature effect occurred for the N204/50—50 combination where
at the propellant temperature/chamber temperature conditions of 100 F/160
F the spiking was virtually eliminated. Therefore, it would appear that
maintaining the engine and propellants above some minimum temperature may
be a viable solution to.ignition pressure spiking with N204/50 wt %
N2H4—50 wt. % UDMH propellants. The minimum temperature levels must be

experimentally determined.

The effect of valve timing on ignition overpressure values was found to
differ between the N204/MMH and N,0,/50 wt. % N,H,-50 wt. % UDMH combina-
tions. The maximum ignition pressure values were found at near simultan-
eous actuation of the two propellant valves for the NQOA/MMH combination.
Conversely, minima in the ignition pressure values were found for the
N204/50 wt. % NoH -50 wt. % UDMH combination. The causes of these

different characteristics are not known.
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Measurement
Flow

Flow

Flow

Flow
Temperature
Temperature
Temperature
Temperature
Temperature
Pressure
Pressure
Pressure
Pressure
Pressure
Pressure
Pressure
Pressure

Pressure

TABULATION OF MEASURED PARAMETERS AND INSTRUMENTATION

Valve Signature

Valve Signature

Valve Signal
Valve Signal

Notes: Osc

T

Dyn
Scope

OF

Steady-State
or
Transient

Steady-State
Transient
Steady-State
Transient
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Steady-State
Transient
Transient
Transient
Steady-State
Transient
Transient
Transient
Transient

Oscillograph
F-M Tape

Oscilloscope

Beckman Offner

TABLE 1
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0-20KC
Dynalog Charts

L1

Location Instrument Recorder
Fuel Line Turbine Meter Osc

Fuel Line Vane Meter T and Osc
Oxidant Line Turbine Meter Osc
Oxidant Line Vene Meter T and Osc
Fuel Line Thermocouple Dyn and OF
Oxidant Line Thermocouple Dyn and OF
Fuel Storage Thermocouple Dyn
Oxidant Storage Thermocouple Dyn
Chamber Wall Thermocouple Dyn
Oxidant Tank Statham Dyn

Fuel Tank Statham Dyn
Oxidant Line Statham OF and Osc
Fuel Line Statham OF and Osc
Injector Statham OF and Osc
Nozzle Kistler T

Nozzle Kistler T

Chamber Kistler T and Scope
Vacuum Tank Baratron Dyn and OF
Fuel Line Osc, Scope
Oxidizer Line Osc, Scope
Fuel Line Osc
Oxidizer Line Osc
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TABLE 2

SUMMARY OF NONCATALYTIC N204/MMH ALTITUDE FIRINGS
(Nominal Altitude of 150,000 Feet)

Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run
Temperature, F | Temperature, F | milliseconds 8’ "¢ Number

40 0 +20 3.26 21
+20 1.73 27

0 1.62 22

0 6.21 24

-20 1.20 26

40 +20 2.03 14

+20 2.88 18

+20 1.19 20

0 5.24 17

0 3.68 19

-20 1.5k 15

-20 2.32 16

70 +20 2.08 78

0 4.25 76

0 4.20 77

0 3.37 80

-20 1.36 79

160 +20 2.97 33

+20 1.38 36

0 1.54 b1

) -20 2.72 35
100 0 +20 1.50 52
+20 1.78 66

+20 3.14 67

+10 3.79 58

0 5.95 53

0 2.56 57

-10 4.28 56

-20 3.81 68

-20 3.54 69
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TABIE 2
(Concluded)
Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run
Temperature, F | Temperature, F |milliseconds s’ "¢ Number
100 40 +20 1.53 46
+20 1.83 49
0 3.00 45
0 3.35 50
-20 2.50 47
160 +20 1.42 37
+20 1.64 40
0 1.59 38
0 2.20 41
0 2.02 42
-20 2.60 39
Notes: Oxidizer Lead = time between oxidizer valve full open and

fuel valve full open; (+) and (-) indicate
oxidizer and fuel leads, respectively.

Ps/P = ratio of maximum or spiking pressure to steady-state
chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia

43



m ROCKETDYMNE . A DIVISION OF NORTH AMERICAN AVIATION, INC.

TABLE 3
SUMMARY OF THE MAXIMUM TO STEADY-STATE PRESSURE
RATIO0S FOR N204/MMH PROPELLANTS
(Nominal Steady-State Pressure of 150 psia)

A. Blank Splash Plate

Hardware Temperature

Propellant Temperature OF 4O F 70 F 160 F
40 F
Average 2.8 2.7 3.1 2,2
Range 1.2-6.2 1.2-5.2 1.4-4.2 1.4-3.0
(Number of Tests) 5 7 5 A
100 F
Average 3.0 2.4 1.9
Range ’ 1.5-4.3 1.5-3.k 1.4-2.6
(Number of Tests) 10 6 6

B. Catalytic Splash Plate

Propellant Temperature

40 F
Average 6.18 3.6 2.7
Range 1.6-15 1.7-10.6 1.7-4.5
(Number of Tests) 5 6 5
100 F
Average 2.5
Range 1.5-4.5
(Number of Tests) 5
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TABLE 4

SUMMARY OF CATALYTIC N204/MMH ALTITUDE FIRINGS
(Nominal Altitude of 150,000 Feet)

N

Nominal Nominal Nominal

Propellant Chamber Oxidizer Lead, | , /p Run Splash
Temperature ,¥ | Temperature ,F| milliseconds s’ "¢ | Number | Plate

40 0 +20 1.58 31 Cc-1

+20 15.00 73 C-1

0 8.29 32 c-1

0 3.92 74 c-1

-20 2.11 75 Cc-1

40 40 +20 1.32 28 c-1

+20 2.17 70 Cc-1

0 1.95 29 Cc-1

0 10.61 71 Cc-1

-20 3.68 30 Cc-1

-20 1.66 72 Cc-1

40 70 +20 1.69 84 c-2

0 3.64 81 c-2

0 4,47 82 c-2

0 1.70 83 c-2

-20 1.85 85 Cc-2

100 40 +20 1.47 59 Cc-1

+20 1.82 64 Cc-1

0 4.50 60 C-1

0 2.70 62 c-1

-20 1.89 61 Cc-1

Notes: Oxidizer Lead = time between oxidizer valve full open, and

fuel valve full open; (+) and () indicate
oxidizer and fuel leads, respectively.

Ps/P = ratio of maximum or spiking pressure to steady-state
¢ chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia
All tests made with Shell 405 Catalyst
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TABLE 5

SUMMARY OF NONCATALYTIC N204/50—50 FIRINGS
(Nominal Altitude of 150,000 Feet)

Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run
Temperature, F | Temperature, F |milliseconds s Number

40 0 +20 1.70 133
+20 10.00 136

+20 12.75 139

+20 2.56 140

0 1.58 134

0 1.50 137

-20 1.67 135

-20 3.12 138

40 40 +20 23.75 87
+20 33.00 90

+20 3.84 93

+20 L.82 113

+20 2.36 116

0 2.50 86

0 1.07 89

0 1.24 112

0 9.34 115

-20 5.75 88

-20 5.34 91

-20 1.43 92

-20 4.25 114

40 160 +20 5.05 142
+20 1.62 144

+20 1.50 147

0 1.33 143

0 1.97 146

-20 1.45 145
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TABLE 5
(Concluded)
Nominal Nominal Nominal

Propellant Chamber Oxidizer Lead, P /P Run
Temperature, F |Temperature, F | milliseconds s’ "¢ Number

100 0 +20 5.62 178

+20 5.69 181

0 1.74 180

-20 1.57 179

-20 2.58 182

100 40 +20 4.95 167

+20 2.11 170

+20 1.88 173

+20 2.31 176

+20 2.14 198

0 1.41 166

0 2.94 169

0 1.89 172

0 2.39 175

0 2.14 197

-20 3.35 168

-20 3.06 171

-20 2.39 174

100 160 +20 1.50 148

+20 1.60 151

+20 1.89 154

0 1.23 149

0 1.35 152

-20 1.50 150

-20 1.47 153
Notes: Oxidizer Lead = time between oxidizer valve full open and

fuel valve full open; (+) and (-) indicate
oxidizer and fuel leads, respectively.

P /Pc = ratio of maximum or spiking pressure to steady-state
s chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia
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TABLE 6

SUMMARY OF THE MAXIMUM TO STEADY-STATE PRESSURE RATIOS
FOR N,0, /50 WEIGHT PERCENT NyH, 50 WEIGHT PERCENT UDMH PROPELLANTS
(Nominal Steady-State Pressure of 150 psia)

A. Blank Splash Plate

Hardware Temperature

Propellant Temperature OF 40 F 160 F
40 F
Average k.4 7.6 2.15
Range 1.5-12.8 1.2-33.0 1.3-5.0
(Number of Tests) 8 13 6
100 F
Average 3.4 2.6 1.5
Range 1.6-5.7 1.4-5.0 1.2-1.9
(Number of Tests) 5 13 7

B. Catalytic Splash Plate

Propellant Temperature

40 F
Average 7.3
Range 1.6-9.3
(Number of Tests) 12
100 F
Average 2.2 2,2 1.4
Range 2.0-3.2 1.4-3.8 1.2-1.8
(Number of Tests) 7 6 11
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TABLE 7

SUMMARY OF CATALYTIC N204/50-50 FIRINGS
(Nominal Altitude of 150,000 Feet)

Nominal Nominal Nominal

Propellant ‘Chamber Oxidizer Lead, P /P Run Splash

Temperature, F | Temperature, F | milliseconds s’ "¢ | Number | Plate

40 40 +20 8.18 95 c-2

+20 8.48 96 c-2

0 2,12 94 c-2

-20 k.92 97 c-2

40 450 +20 3.25 99 Cc-3

+20 6.21 102 Cc-3

0 2.32 98 C-3

0 11.75 101 C-3

0 3.94 104 C-3

-20 3.19 100 Cc-3

-20 5.46 103 C-3

40 : L0 +20 1.58 119 C-4

0 5.00 118 C-L

40 40 +20 k.46 125 C-5

+20 k.43 128 Cc-5

+20 2.14 131 C-5

+20 9.01 132 C-5

0 L.94 124 C-5

0 9.30 127 C-5

0 6.25 130 C-5

-20 8.35 123 Cc-5

-20 8.45 126 C-5

- 20 L.84 129 C-5
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TABLE 7
(Concluded)
Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run Splash

Temperature, F | Temperature, F| milliseconds| "s’ ¢ |Number | Plate
100 0 +20 3.20 193 Cc-8

: 0 1.95 189 c-8

0 2.66 190 c-8

0 2.68 192 Cc-8

0 2.00 195 c-8

-20 2.45 191 Cc-8

-20 2.90 194 c-8

100 L0 +20 1.39 184 c-7
+20 1.95 187 Cc-7

0 3.76 183 Cc-7

0 2.05 186 C-7

-20 1.90 185 c-7

-20 2.10 188 C-7

100 160 +20 1.24 155 Cc-6
+20 1.44 158 C-6

+20 1.84% 161 Cc-6

+20 1.58 164 Cc-6

0 1.33 156 Cc-6

0 1.39 159 C-6

0 1.29 162 c-6

0 1.26 165 C-6

-20 1.44 157 Cc-6

-20 1.26 160 C-6

-20 1.22 163 c-6

Notes: Oxidizer Lead = time between oxidizer valve full open, and
fuel valve full open; (+) and (-) indicate
oxidizer and fuel leads, respectively.

Ps/Pc = ratio of maximum or spiking pressure to steady-state
chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia
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TABLE 8

SUMMARY OF NONCATALYTIC N204/N2H4 FIRINGS
(Nominal Altitude of 150,000 Feet)

Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run
Temperature, F | Temperature, F [ milliseconds s’ "¢ Number
40 40 +20 6.60 214
19.81 213
11.62 216
3.77 223
-20 10.35 215
100 0 0 6.61 207
100 L0 +20 3.52 203
+20 3.54 210
+10 1.97 200
0 6.10 199
-10 7.40 141
-20 11.60 202
Notes: Oxidizer Lead = time between oxidizer valve full open, and

fuel valve full open; (+) and (=) indicate
oxidizer and fuel leads, respectively.

Ps/Pc = ratio of maximum or spiking pressure to steady-state
chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia
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SUMMARY OF THE MAXIMUM TO STEADY-STATE PRESSURE RATIOS
FOR N,0, /N234 PROPELLANTS
(Nominal Steady-State Pressure of 150 psia)

A. Blank Splash Plate

Hardware Temperature

u ROCKETDYMNE . A DIVISION OF NORTH AMERICAN AVIATION,

Propellant Temperature OF 4O F 160 F
LO F
Average 10.3
Range 3.8-19.8
(Number of Tests) 5
100 F
Average 6.6 5.4
Range - 3.5-11.6
(Number of Tests) 1 7
B Catalytic Splash Plate
Propellant Temperature
LO F
Average 5.0
Range 4.7-5.3
(Number of Tests) 2
100 F
Average 2.9
Range -
(Number of Tests) 1
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TABLE 10

SUMMARY OF CATALYTIC N204/N2H4 FIRINGS
(Nominal Altitude of 150,000 Feet)

Nominal Nominal Nominal
Propellant Chamber Oxidizer Lead, P /P Run Splash
Temperature ,F | Temperature ,F | milliseconds s’ "¢ Number | Plate
40 40 +20 5.30 224 c-12
-20 4.69 222 Cc-11
100 40 0 2.94 204 Cc-9
-20 9.10% 205 C-9

Notes: Oxidizer Lead = time between oxidizer valve full open, and
fuel valve full open; (+) and (-) indicate
oxidizer and fuel leads, respectively.

Ps/P = ratio of maximum or spiking pressure to steady-state
chamber pressure

Nominal Steady-State Chamber Pressure = 150 psia

*Very probably most of the pellets were blown out of the splash plate
in the previous test.
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B KISTLER
// TRANSDUCER
’ INJECTOR
\ ASSEMBLY

INJECTOR

COPPER SPLASH
COMBUSTION | PLATE
\ CHAMBER

prpp— o -

o \ — KISTLER
. ATURE COOLANT
| CONDITIONING PASSAGE

Figure 1. Solid Wall Combustion Chamber and Nozzle with Injector
Assembly, Kistler Pressure Transducers and Temperature
Conditioning Coils
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Figure 2. Solid Wall Nozzle and Transparent Chamber with
the Injector Assembly
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STAINLESS
 STEEL
HOUSING

| COPPER
CHAMBER

. COOLANT

1XW31-11/17/66-S1B

1XW31-11/17/66-S1A

Figure 3. Liquid-Cooled Combustion Chamber and Nozzle Assembly

56




INC.

A DIVISION OF NORTH AMERICAN AVIATION,

ROCKETDYNE

3N 4334
43Z1a1X0

a1ed yse[dS peyoev}Iy JMOUIIM
J0909(Ul 19TqNOQ SYI[U] FUSWOTH UIIPXTS

‘g aanIrg

59




s191[°4 Pepuog A[9AISaypy X0y pas) 23eid yselds

!

*] aan31g

__Qso- 20b S

TV DN W04 MISK LMBANEE) 180000,
e ——————————————————-

133ks | 03 IV0S

INI¥d 3T¥IS LON 00
100" —010" +:000'C NYHL 100'1

,4.¢W S22 QT | 8} zoveo

321S |'ON N33l 3000

100°—£00" +:000'T NYHL 1G4
100'—600" +:06L° NYHL 105
100" —$00 + 006 NYHL 0€C’

AQALON

100 —€00" + 622 NMYHL 1€V

Y78 100'—200 +:0€1° N¥HL T#0°
§ Q\_’uo 100 —100" +:000° NAHL E10°

ANIONZ TNNGS -1ANY

His

= 1, T1I¥0., G3LON SITOH
010" ¥ = X000
i} ocxszonv 010 F =100 -

—3ALVA HSY\aS

C b

S3a NO S3ONVNIT0L

STTONY STYWIOAd

Q3141034S
3SIMHIHLO SSIINN ILON

"|SOO-LO\OVR

WAL As\LNEWT) 7|
rAVwL S

NOlTeBYAW] 1oy °

il ROCKETDYNE A DIVISION OF NORTH AMERICAN AVIATION, INC.

GOQ NRAVAA SRDWAS
AR ARAT AOWR 33704 4> 1)
A Zissen g-TSy, YTg

- A8 xlxM. SSINHONOY "JUNS 'HOVW /ST
SYXEL ‘NOOTUOONW * VINNOLMIVD 'Vd VOONYD "HSINI4 0L ¥0idd AlddY
*ON] "NOILYIAY NYDIdINY HLIHNON 40 NOISIAIQ ¥V ANY SIHONI NI 34V SNOISNIWIQ -
HNAILIAN OO 9= Qri=| A8 80| :q314153dS ISIMUIHLO SSTIN
‘D3AAS A2\S AW | e —
WO T | WVASRED TOITMEA] | |- B MY S SO . .
Y e, o] wvdIENO TOT Sarl | 12- | “SYER SLE'2 NO g _ WUYRE I3
(=33an)
{

wW OO0 ¥INMMOnNG SWIO

' \.O(m QO

% (=]
& 7 ’ le— o
g 2 4ArlWiQ I “H
0&0000 .qlu.*VW_lJ oy’ ‘ hQ
dﬂ..ﬁw«éﬂtoo.wﬂ,oi - ’ *FSLL
N g
T3S .,.,L.me., * . SL2
a

'V 2- N LIWWO
SISVE ObS' WO V' OVO HRAR T e = L
10.!0(60 AN D T AION D))\
"4.Q OOV - (SEANOT WA

SATINO VW= N

Ana =9k\b sRom Q521 2%, wiwoo hd

%O 3QVW Sl¥vd 'S
FOLLOVHEd JOHS MON ¥ QINYOM3Y 38 LONNYD ‘2
FONVHO QU003 '€ HHYOMIY 38 AVW 1

NOULJINOS30 WAS

SNORI
PSS\ YV |

|O—v0-Owy

03A0Yddv | 31va




= E)%'SOC -3 REQ'D

COSTLER » GOVAL- 3 REQ'D
" Parwer' O - RinG, = S-\5\ N3E&a -7 - D REs
Parenr’ O - R\Ng t3> -\ qua—"\ - 3 Rear

Rt

AN
RB 284 or RIDBZERS \
R\BZSA® = EXAnTING  \NJUEcCTo®
(RePLaces ExisTting WELDL Z bes. or R\R 2S8R
InBcTok & RIBR2ZSS4) W Existing Howes For Loc-
ATING PIng, N \NUECTOoR) \1
iffggiiy

(%
RI\B 2SSO — 2™ Tﬁ
e ul |
R\®2SSe — T Y
.y i ]
RABZ25S| -leRea — | "R ITTT
i

MBS0\ -ODO

2 REQ'S | — | a -

/’_-‘

_ . —
R‘\_tsas.ss -2 Rean oy — T 1
WELD TO Exi3ting INJECTHR T += :_j j
N
/
/ 0

RAIBDIDBON -8 or-dD;  /
A Reqo /

AN G- é\RaQb &
L-ZBNE NS - LA ReQD,

R\D%'Z_qq W\ ca-Z\ or
RIDIZAB -\\ or-2\’

HEAT
TREAT

FINISH
7

—
= /

MAT'L

WWeen Paer RAO \OT-OZT ,Crasa2,
NOTE: UNLESS OTHERWISE SPECIFIED

) |

FOLDOUT FRAME



m ROCKETDYNE . A DIVISION OF NORTH AMERICAN AVIATION, INC.

REVISIONS
SYM| DESCRIPTION DATE | APPROVED
1 MAY BE REWORKED 3. RECORD CHANGE
2. CANNOT BE REWORKED 4. NOW SHOP PRACTICE
5. PARTS MADE OK

Al e el Mo0210 DT RINGE

97FS

ooausEs R ,
KTy

= KN 47 33 MANIFOL O

R 423/ NOZZLE PrQuL

9503-149 U RING 4 PERD

4

[Foszrar> [v4
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APPENDIX A

TEST DATA

Summaries of the N204/MMH, N,0,/50 wt. % N,H,-50 wt. % UDMH, and N204/N2H4
firings are presented in TablesA-1 through A-3, respectively. For these

tables the following definitions are applicable.

Oxidizer lead is defined as the time between full opening of the oxidizer
and fuel main valves as monitored by the induced voltage in a secondary
coil in close proximity to the valve solenoid. The monitored voltage was
recorded and read from a galvanometer oscillograph. A + indicates an

oxidizer lead and a - indicates a fuel lead.

Oxidizer, fuel, and chamber temperature are pretest temperatures monitored

and read from a Leeds and Northrup millivolt potentiometer.

Altitude is defined as the pretest pressure in the altitude chamber moni-

tored and read from the Baratron system.

Pspike/Pc is the ratio of the maximum pressure reached during ignition to
the steady-state pressure as monitored by the Kistler pressure transducer,
recorded on tape, and read from a galvanometer oscillograph playback of

the tape.

Ignition delay is the time between the lagging valve full open position
and first indications of chamber pressure. The time between the leading
valve full open position and the Kistler's indication of chamber pressure
was read from the oscilloscope photograph; the ignition delay was deter-
mined by subtracting the oxidizer lead time from the time between the
leading valve full open position and the Kistler's indication of chamber

pressure.

A-1
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The following notations were used:

c-9
C-10
C-11

Cc-12

For tests No.

employed. P1

Data not available due to lack of instrumentation

Data not available due to system malfunction

Data not available due to instrumentation malfunction

Ambient pressure (approxim&tely 13.7 psia)

Blank Splash Plate

Pellets cemented in place by Eccoceram QC adhesive

Pellets cemented in place by Sauereisen (#29 Filler and Binder)
Pellets mechanically held in place

Pellets cemented in place by Eccoceram QC adhesive

Pellets cemented in place by Eccoceram QC adhesive

Pellets cemented in place by Eccoceram QC adhesive
Pellets cemented in place by Eccoceram QC adhesive
Pellets cemented in place by Eccoceram QC adhesive
Pellets cemented in place by Eccoceram QC adhesive
Pellets cemented in place by Eccoceram QC adhesive
Pellets cemented in place by Eccoceram QC adhesive

Pellets cemented in place by Eccoceram QC adhesive

12 through 75, the temperature conditionable chamber was

was located near the injector; P_ was located just upstream

2

of the converging section.

A.2
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For tests No. 76 through 85 the transparent chambers were used. The

Kistler tap was located near the injector.

For all other tests the water-cooled chamber was used. For that chamber

the Kistler tap was located upstream of the converging section.
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